Purpose The object of this study was to compare minimally invasive surgery (MIS) with open surgery in a severely affected subgroup of degenerative spondylolisthetic patients with severe stenosis (SDS) and high-grade facet osteoarthritis (FJO). Methods From January 2009 to February 2010, 49 patients with severe SDS and high-grade FJO were treated using either MIS or open TLIF. Intraoperative and diagnostic data, including perioperative complications and length of hospital stay (LOS), were collected, using retrospective chart review. Surgical short-and long-term outcomes were assessed according to the Oswestry disability index (ODI) and visual analog scale (VAS) for back and leg pain. Results Comparing MIS and open surgery, the MIS group had lesser blood loss, significantly lesser need for transfusion (p = 0.02), more rapid improvement of postoperative back pain in the first 6 weeks of follow-up and a shorter LOS. On the other hand, we experienced in the MIS group a longer operative time. The distribution on the postoperative ODI (p = 0.841), VAS leg (p = 0.943) and back pain (p = 0.735) scores after a mean follow-up of 2 years were similar. The overall proportion of complications showed no significant difference between the groups (29 % in the MIS group vs. 28 % in the open group, p = 0.999). Conclusion Minimally invasive surgery for severe SDS leads to adequate and safe decompression of lumbar stenosis and results in a faster recovery of symptoms and disability in the early postoperative period.
Introduction
Several studies have reported the favorable outcomes of MIS-TLIF accompanied by spinal instrumentation with percutaneous pedicle screw insertion and decompression in degenerative spondylolisthesis [1, 3, 5, 12, 20, 21, 23, 25] . In the presence of severe spinal canal stenosis and distorted facet anatomy due to severe FJO, MIS techniques however could limit direct visualization of neural elements and pedicle screws relative to key anatomical structures and could increase the rate of complications and pedicle screw misplacement. Hsieh et al. reported the feasibility of MIS in several cases of complex spinal disorders such as spinal trauma, spinal deformities, and spinal oncology [6] . However, the impact of MIS on outcome for complex degenerative spondylolisthesis is not yet studied. The management of cases with severe SDS remains an area of great controversy [8, 9] . The presence of severe arthritic changes of the facets is characteristic in these patients [13] . Failure surgery and reoperation rates could increase after MIS, especially in the field of lumbar instrumentation [7, 15] . On the other hand, the minimal disturbance of normal anatomy and avoidance of extended muscle dissection could result in a clear advantage of MIS over traditional techniques.
The aim of the present study was to report data pertaining to MIS decompression, TLIF and percutaneous pedicle screw insertion in spondylolisthesis with severe stenosis and high-grade FJO, with particular focus on short and middle-term results, accuracy of pedicle screw insertion and incidence of complications. We compared the findings in this MIS group (24 patients) with a reference group who underwent open surgery (25 patients) in the same period.
Methods

Study design
We conducted a retrospective analysis of prospectively collecting data from consecutive patients with degenerative spondylolisthesis with severe stenosis (SDS) and severe facet joint osteoarthritis (FJO) who were admitted to the neurosurgery department between January 2009 and February 2010.
Patient population
The inclusion criteria were as follows: (1) consecutive patients between January 2009 and February 2010; (2) symptoms of neurogenic claudication or radiculopathy or incapacitating back pain refractory to adequate conservative treatment; (3) degenerative spondylolisthesis Meyerding grades I-II; (4) FJO Pathria Grade 3; (5) spinal stenosis at the affected level grade C and D (Schizas et al.) ; (6) necessity for decompression and fusion at a single level.
Symptoms were considered refractory to non-surgical management if conservative measures, particularly nonsteroidal anti-inflammatory drug and physical therapies, had been administered for at least 2 months without sufficient improvement. The severity of vertebral displacement was estimated according to the grading criteria of Meyerding. The four-point scale that Pathria devised for radiographic grading FJO was used to delineate the severity of facet disease [11] . Radiographically, facets with severe degenerative disease encompassing narrowing, sclerosis, and osteophytes were classified as grade 3. The severity of lumbar spinal stenosis at the affected level was based on the morphology of the dural sac on magnetic resonance images according to Schizas et al. [20] , who described a 7-grade classification based on the morphology of the dural sac as observed on T2 axial magnetic resonance images based on the rootlet/cerebrospinal fluid ratio. Grades A and B show cerebrospinal fluid presence while grades C and D show none at all.
The exclusion criteria for this study formed simultaneously the contraindications for the minimally invasive approach and were as follows: (1) the patients with highgrade (grade III/IV) spondylolisthesis; (2) the patients who needed multi-level decompression and fusion; (3) the patients with combined coronal and/or sagittal deformities (kyphoscoliosis) that needed a correction, and (4) the patients who had back disease involving trauma, infection or other pathologic causes.
Neither lateral and foraminal stenosis nor segmental instability were considered as contraindications for MIS and were included in this study.
During this period, 85 patients were assessed for eligibility, a total of 49 patients fulfilled the inclusion criteria of our study and all patients completed the follow-up visit. The patients were divided into 2 groups: the MIS group (24 patients) and the open group (25 patients), which constituted the reference group. The baseline characteristics of the 49 patients are shown in Table 1 . Sociodemographic characteristics were identical in the groups with regard to the median age and sex ratio. Clinical presentation, VAS for back pain, leg pain, and activity level preoperatively were similar in both groups. The minimum follow-up was 24 months with a mean of 26 months.
The study was based on different policies of treatment represented from two surgeons in the same institute who decided the operative method according to their preference. Allocation to MIS or open surgery was not randomized.
Preoperative assessment
All patients underwent a standardized neurological and clinical assessment to evaluate walking distance, pain was measured separately for the low back and the legs according to a self-assessment on a 100-mm horizontal line with 0 equal to ''no pain,'' and 100 equal to ''very severe pain'' [22] . Disability was assessed using the Oswestry low back pain disability questionnaire (ODI), which has been validated and reported on for German-language speakers. The ODI was scored on a 0-100 scale, 0-20 equates to minimal disability, 20-40 moderate disability, 40-60 severe disability, 60-80 crippled, and 80-100 bed-bound or exaggerating. To evaluate neurologic deficit, we analyzed this parameter on a 3-point scale, absent (without motor or sensory deficit), mild (motor deficit grade 4 or sensory deficit) and severe (motor deficit grade 0-3).
Assessment of intraoperative parameters
Intraoperative parameters such as duration of the procedure, estimated blood loss (EBL), and intraoperative complications (for instance, incidental durotomy) were analyzed on the basis of operative records.
Surgical technique
A detailed description of the MIS and open procedures is available in the literature [6, 29] .
Of note, even in patients with Grade II spondylolisthesis, an attempt was made to fully reduce the slippage after adequate disc space distraction had been achieved.
All procedures were done in a strictly standardized stepby-step fashion. The surgical procedures were performed by a consultant neurosurgeon.
Radiological assessment
The accuracy of pedicle screws was estimated with postoperative CT. A screw was classified as cortical encroachment if the pedicle cortex could not be visualized and if bone in excess of 2 mm was visible on the opposite direction. Frank penetration was subdivided and defined as minor (less than half of the screw thread), moderate (less than the full screw thread) and severe (more than one screw diameter) [19] .
Radiographic assessment of solid fusion was confirmed by progressive increase in interspace bone density, presence of bridging bone posterolaterally, and no evidence of hardware failure, loosening, or motion on flexion-extension radiographs. Postoperative progression of adjacentsegment degeneration was defined as a condition in which clinical deterioration occurred due to adjacent-segment degeneration.
Outcome assessment and LOS Pain (VAS score) and walking distance and patient satisfaction were recorded. Functional disability was quantitatively measured using the Oswestry low back pain disability questionnaire (ODI). Both the VAS and ODI were prospectively acquired. Perioperative morbidity included reoperations within 30 days and the presence of an increased postoperative radicular deficit. In order to assess the functional outcome, we used a functional scale as described by Whitecloud et al. [27] (excellent, good, fair and poor).
All outcome parameters were evaluated at 3 days, 1 week, 6 weeks, 6 months, and 24 months postoperatively.
For each patient, we analyzed LOS abstracted through chart review. Statistical analysis Statistical analysis was performed using an unpaired t test for parametric variables. Categorical variables were analyzed in contingency tables using the Chi-squared test.
Results with p \ 0.05 were considered significant. All calculations were made with standard commercial software (BiAs).
Results
Intraoperative parameters
Regarding the MIS-treated group, the scheduled procedure was adhered to in all patients. In one case we had to change the side of MI-TLIF because of a conjoined nerve root which made the approach to the lumbar disc very difficult with high risk of neurologic deficit. There were no conversions to an open procedure. The following differences between the two groups were observed: (1) 
Complications
As shown in Table 2 , overall complication rates were comparable between the groups. Intraoperative incidental durotomy was observed almost in the same proportion between the groups (p = 1.0). Self-closing nitinol U-clips (Medtronic, Inc., Minneapolis) were used for closing the dural tear through the MIS approach that could make a conventional microsuturing technique very difficult.
Regarding pedicle screw misplacement, we observed frank penetrations in one patient in the MIS group and in none of the patients in the open group (p = 0.9). Regarding wound healing, the proportion of disturbances was higher in the open group but the difference was not considered significant (p = 0.227). Regarding postoperative radicular syndrome, two patients in the MIS group were found with contralateral foraminal encroachment syndromes due to osteophytic spurs arising from the facet joint and impinging the nerve root. There were no perioperative deaths.
Outcome
The distribution of patients in the distinct categories of VAS pain scores (leg and back pain) was not different between the groups (p = 0.836). As detailed in Table 3 , in the MIS group the average preoperative VAS score for back pain of 69, decreased at the third postoperative day to 45, at 1 week to 43, at 6 weeks to 30, at 6 months to 28, and at 24 months mean follow-up to 25 . In the open group the average preoperative VAS score for back pain of 66, decreased at the third postoperative day to 52, at 1 week to 49, at 6 weeks to 38, at 6 months to 29, and at 24 months mean follow-up to 28. Both groups resulted in a significant reduction of overall pain (p \ 0.001), but as far as the back pain is concerned, although not statistically significant due to the small sample numbers, there was a more rapid improvement in the MIS group after 3 days, 1 week and 6 weeks follow-up. In the long term and after a mean follow-up of 26 months, differentiating between low back pain and leg pain revealed no differences in improvement. The patients in the MIS group had an average preoperative ODI of 46, after 1 week of 45, of 36 after 6 weeks, of 34 after 6 months, and of 23 after a mean follow-up of 24 months. The patients in the open group had an average preoperative ODI of 48, after 1 week of 45, of 37 after 6 weeks, of 34 after 6 months, and of 24 after a mean follow-up of 24 months. The MIS group showed a more rapid improvement in ODI during the first 6 weeks of follow-up. The average clinical improvement in ODI, in this early stage, was 28 versus 23 %, for the MIS and open groups, respectively. On the other hand, there were no significant differences between the groups after a minimum of 2 years follow-up (p = 0.841) (Fig. 1) . Neurogenic claudication improved in 91 % of the patients in the MIS group and in 88 % of the open group. Walking distance varied greatly among individual patients, but overall ambulation recovered significantly from a mean of 250 (SD ± 200) to a mean of 3,100 (SD ± 3,500) in the MIS group and from a mean of 300 (SD ± 200) to a mean of 3,000 (SD ± 4,000) in the open group without significant difference between the groups (p = 0.851).
The distribution in each category of outcome was similar between the groups (Table 3) . The patient with frank penetration in the MIS group made an uneventful recovery. This case was not encountered in the beginning of our learning curve but on our 13th procedure.
No evidence for loss of correction was observed in the follow-up.
Radiographic fusion was thought to be present in 22 of 24 of the patients in the MIS group and 24 of 25 of the patients in the open group based on the presence of obliteration of the disc space anterior and/or posterior to the cage as well as continuous trabecular bone throughout the intertransverse fusion mass, no loosening or breakage of implants, and no demonstrable motion on flexion-extension radiographs. None of the patients had a confirmed pseudarthrosis, two patients in the MIS group and one patient in the open group had radiographic evidence suggestive of pseudarthrosis, but were not symptomatic to a level of considering further surgery. This yielded a total suspected pseudarthrosis rate of 8 % in the MIS group and Postoperative progression of adjacent-segment degeneration was observed in one patient in the MIS group and in two patients in the open group. The progression of adjacent-segment degeneration was observed at the cranial segment in all cases. The following conditions were identified as progressive adjacent-segment degeneration: spinal canal stenosis in one patient, disc herniation in two patients and degenerative spondylolisthesis in one patient. None of these patients underwent surgery because of the absence of persisting neurological symptoms such as radicular pain, sensory disturbance, and motor weakness. These patients' symptoms improved after conservative treatment.
Revision rate
The revision rate for the MIS group at a mean of 26 months (range, 24-29 months) from surgery was 8 %, which included either repeat decompression alone (n = 1) or pedicle screw revision (n = 1).
Two patients complained about contralateral neuropathic pain after surgery. Postoperative CT scanning demonstrated sufficient decompression of the central stenosis, however, newly emerged osteophytic spurs arising from the facet joint and impinging the nerve root were made responsible for the contralateral foraminal encroachment. We performed repeat decompression in one patient (Fig. 2) and percutaneous periradicular nerve root infiltration therapy in the other, both of which had complete permanent resolution of symptoms.
Before revision, the revised patients (n = 2) had an ODI that was 57. For these patients the mean ODI preoperative was 42. Following revision, these patients had a mean ODI of 34 at their latest follow-up.
The revision rate for the open group at the same period was also 8 %, which included deep wound infection (n = 1) and CSF leakage (n = 1). These results yielded no statistical difference in revision rate between the two groups.
Discussion
There is controversy concerning the necessity of MIS procedures in order to achieve fusion and adequate decompression [2, 9, 15, 20, 28] . Because of a reduced destruction of the soft tissues, proponents of these MIS techniques claim to achieve superior clinical results with reduced postoperative pain, narcotic use, and hospital length of stay [4, 5, 10, 12, 16, 23] . On the other hand, performing percutaneous instrumentation, fusion and decompression in complex cases with severe arthritic and stenotic changes could increase the complication rate and lower the accuracy of pedicle screw insertion [6] . Degenerative spondylolisthesis often coincides with other consequences of spinal degeneration such as spinal stenosis, disc prolapse and instability, facet joint arthritic changes, resulting in a heterogeneous patient population [13] . Moreover, the severity of the central spinal stenosis, facet osteoarthritis and foraminal narrowing can significantly differ between patients [21] . Consequently, it has been suggested that the procedure should be tailored to each patient depending on imaging findings and symptoms-for example, ventral approaches in cases of high-grade spondylolisthesis or unilateral approaches in cases of unilateral symptoms [2, 29] . The authors of previous studies of MIS and especially MIS-TLIF have commonly neglected the heterogeneity of the patient population by including such complex cases in the patient population without differentiating the efficacy of the surgery on these patients [5, 12, 18, 20, 23, 26] . Other authors either a priori excluded such complex cases from performing MIS techniques or recommended that MIS should be performed at the discretion of the surgeon [17] . This may, of course, reflect the patient's individual situation, but it prevents the drawing of solid conclusions regarding the efficacy of MIS techniques in comparison to open procedures in this more complex patient population.
In order to minimize the heterogeneity of the patient population, only high-grade FJO (Pathria grade 3) and high-grade spinal stenosis (grade C and D according to Schizas et al.) were included in this study. We performed the current analysis to evaluate feasibility, short-term and 2-year outcome results and to provide data for complication rates in this group of patients.
Intraoperative parameters
Open TLIF is considered a simple and fast fusion technique, whereas MIS-TLIF, especially in spondylolisthesis with severe FJO could be associated with technical challenges and longer operative duration. Weinstein et al. reported by the SPORT study an operative duration of 210.4 (SD ± 81.1) min. Others have reported longer operative times for TLIF. In our study, the duration of surgery in the MIS group was proved to be 220 (SD ± 48) min which was on average 30 min longer in comparison with the open group (p = 0.535) but comparable with the time described in the literature. Concerning blood loss in open TLIF, Weinstein et al. reported 569.2 (SD ± 425.4) ml, requiring transfusion in 62 of the 178 cases in the randomized cohort (35 %) [24] . In our study, blood loss in the MIS group was clinically insignificant (185 ± 210), requiring transfusion in only one case compared to the open group where blood transfusion was required in 5 cases (p = 0.02). Because of longer duration of surgery in the MIS group, it could be anticipated that the MIS procedure is less cost effective. However, during the acute hospitalization, the advantages of MIS include less muscle traumatization which could lead in faster resolution of pain and disability and result in short-term cost saving as will be analyzed in the following section. The longer operative time in complex cases could also be neutralized as a result of cost saving due to less EBL and necessity of blood transfusion.
Overall, our results are comparable with those reported in literature. Although all cases included in this study were demanding because of the high grade of stenosis and FJO, this, however, did not translate in increased EBL or perioperative morbidity compared with open surgery.
Complications, reoperations and radiographic outcome
The authors of comparative studies involving open and MIS techniques for interbody fusion have reported complication rates that were comparable but the sizes of populations have been small and the studies were mostly retrospective or lacked a control group [1, 3, 7, 8, 14] . In some studies of less invasive techniques, however, investigators revealed an increase in perioperative morbidity, namely neurological sequelae [4] . Therefore, our main concern in view of MIS-TLIF in this complex and surgically demanding cohort of patients has been the possibility of neural injury. In the series reported by Schwender et al. [21] , a postoperative increased radicular deficit was observed in 2/49 cases (4 %) of MIS decompression and interbody fusion cases (one from graft dislodgement, the other from contralateral neuroforaminal stenosis). According to our data, actual injury to a nerve root did not occur. We observed in two patients of the MIS group, postoperatively, a contralateral foraminal encroachment syndrome due to osteophytic spurs arising from the facet joint and impinging the nerve root. Although not statistically significant (p = 0.704), this makes 8 % of this patient group. This impingement caused radicular pain in lower limbs and numbness or tingling sensations in the feet without motor deficits (Fig. 2) . We think that these patients with severe stenosis and high-grade FJO might have a higher risk of postoperative foraminal encroachment contralateral to the decompression entry. Larger series are needed to further evaluate this matter. In our opinion, a bilateral facetectomy through a MIS approach should be done in selected cases, where an adequate decompression of the contralateral exiting nerve root cannot be achieved through the unilateral approach.
Unintended durotomy is another concern during spinal decompressive procedures, although no association with long-term sequelae has been found. Overall, durotomy rates for laminectomy have been shown to range from 5 to 15 %. The results of the present study, namely 4 % for both the MIS and the open control group are in accordance with those in the literature, underscoring that MIS-TLIF and MIS decompression through a unilateral approach although technically demanding, carry a low risk of unintended durotomy (p = 1.0).
The wound infection rate is approximately 2 % of all spinal surgery cases in the literature. We had no cases of wound healing disturbance or infection in the MIS group. The complication rate of the open group was 12 % and although not statistically significant (p = 0.227), it may demonstrate that the limited soft tissue disruption of the MIS procedure could have a positive influence on the wound healing process.
As far as the accuracy of pedicle screws is concerned, in a study of computer tomography assessment of percutaneous pedicle screw insertion, Schizas et al. [19] reported an overall rate of screw perforation of 30 % with an incidence of severe frank pedicle penetration of 3.3 % as seen on axial and coronal images. 13 % of the patients (2/15) had severe frank penetration from the screws, while 80 % of them (12/15) had some perforation. In the present study, we found a severe frank pedicle penetration of 1 % (1/96) of all pedicle screws in the MIS group and no frank penetration in the open group. MIS-TLIF in complex cases although technically demanding, was not associated with an increase of pedicle screw misplacement.
The radiographic fusion rate of 90 % in the MIS group compares favorably with the results in the open control group and with the reports in the literature. This may be partly because of the meticulous removal of disc material using angled curettes. This allows the largest surface area possible for fusion and aids in proper cage and bone graft placement [6] .
Conflicting results have been reported in the literature with respect to the relationship between symptomatic ASD and spinal fusion. The follow-up period in our study of 26 months was long enough to assess the consequences of spinal fusion and short enough to minimize the influence of the aging process at the adjacent segments. There was a low incidence of symptomatic ASD in our patient cohort and no statistical significance between the groups. However, our results partly underscore the importance of our operative strategy which was to avoid overdistraction of the fused disc height and to minimize the risk of irritation of the adjacent upper level facets during pedicle screw insertion and decompression.
In summary, the MIS-TLIF in complex and surgically demanding cases was neither associated with an increased rate of complications nor a higher surgical revision rate compared with the open procedure (29 vs. 28 %, p = 0.999).
Outcome assessment
In the present study, analysis of outcome was based on the VAS for pain and satisfaction and the ODI for disability [1, 2, 18, 26] . Both MIS-TLIF and open surgery resulted in a significant reduction of overall pain (p \ 0.001) in the long term. But, one of the advantages of MIS was the rapid relief of postoperative back pain in the first 6 weeks postoperatively. The ODI showed also a more rapid functional recovery in the same period after surgery in the MIS group. It is obvious that due to lessening of the approachrelated morbidity; minimally invasive techniques offer a quicker recovery. On the long term, MIS achieves the same objectives as open surgery even in this complex and surgically demanding patient population.
This study identified a trend for reduction of LOS and lower rates of discharge to inpatient rehabilitation after MIS. It should, however, be noted that the LOS for both groups was longer than seen at many previous studies. This may be due to the fact that we did not try to speed discharge with either group and patients were discharged home after they were able to ambulate independently and had acceptable pain control with oral medication. The higher LOS may also reflect the fact that in this study, we included a more complex subgroup of stenotic spondylolisthesis with severe degenerative changes.
Patient outcomes and costs associated with the benefits of MIS are critical factors for determining the value of these interventions. The study of Wang et al. [24] investigated the relative costs and benefits of MIS and founded these interventions to be meaningful. With regard to acute care hospital costs, more investigation is necessary to explore the effectiveness of MIS through cost comparisons with open surgery.
Overall, this study demonstrates that in selected patients with severely stenotic degenerative spondylolisthesis accompanied by high-grade FJO, MIS decompression and MIS-TLIF can not only achieve significant improvement in functional outcome, but also may have advantages in the early postoperative stage.
Weaknesses
The main weaknesses of this study are inherent to its retrospective nature (i.e., selection bias and limited cohort). The patients were not randomly selected and the cohort size of this study was not large enough to have a sufficient statistical power for drawing complete conclusions. In addition it should be noted that the fact that we compared two different methods by two different surgeons leaves some room for questions of whether there is enough power in the study for equality. However, this series represents consecutive patients, with prospective data collection and 100 % follow-up. Selection bias, such as the use of MIS techniques in healthier, younger patients remains paramount in comparative studies of MIS versus open surgery. However, randomized trials in this area are difficult, largely due to patient's desire for what might be perceived as a potentially less morbid procedure.
Another potential limitation of this study is that our average period of follow-up was not long enough to sufficiently validate the effect of MIS or open surgery on adjacent-segment degeneration. This study presents short and middle-term results and continued follow-up is mandatory and will be pursued in order to assess the long-term results.
Conclusions
Minimally invasive surgery for severe stenotic spondylolisthesis leads to adequate and safe decompression of lumbar stenosis and results in a highly significant reduction of symptoms and disability. MIS might have benefits in the early postoperative phase for this demanding patient population. Middle-term outcome and radiologic result after MIS-TLIF and percutaneous pedicle screw insertion was comparable with that after conventional techniques and showed acceptable complication rates.
